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ABSTRACT

Cystic Fibrosis is a genetic disease which causes the production of viscous mucus in airways which limits airflow and
creates the perfect conditions for bacterial growth. Unfortunately, deaths due to bacterial infections in Cystic Fibrosis
patients have increased as bacterial strains have developed antibiotic resistance. Researchers have found that silver
nanoparticles offer a solution to growing antibiotic resistance due to how no resistance has been developed to them in
clinical trials. Current research is focusing on the bio-synthesis of silver nanoparticles which does not produce the
harmful waste products seen with the industrial production of silver nanoparticles. However, there is a lack of com-
parative research concerning the effectiveness of silver nanoparticles produced by different microorganisms, which is
what the researcher’s work addressed. The researcher’s work primarily focused on determining how effective silver
nanoparticles produced by different bacterial species were at inhibiting bacterial growth. Through the collection of
nanoparticles via extracellular synthesis, antimicrobial assays were conducted to determine the efficacy of silver na-
noparticles produced by different microorganisms. The results indicated that silver nanoparticles produced by B. sub-
tilis were the most effective in inhibiting bacterial growth. This provides a crucial as research in the field should
increasingly focus on bacteria which utilize assimilatory nitrate reduction like B. subtilis because of the increased
efficacy of silver nanoparticles produced by this method in inhibiting bacterial growth in aerobic conditions. Advances
in this area could increase the efficiency of nanoparticle production and make it viable for industrial production.

Introduction

In Cystic Fibrosis, bacterial infections pose a huge health risk due to the optimal conditions for bacterial growth
created by the stagnant mucus. In fact, about 85% of the deaths in Cystic Fibrosis occur because of lung infections
with bacterial infections of Pseudomonas aeruginosa, Staphylococcus aureus, and Burkholderia cepacian common.
Current scientific research has focused on silver nanoparticles as a novel solution to the problem of antibiotic resistant
bacterial strains developing across the world. Silver nanoparticles due to their nature have potent bactericidal effects
and limited resistance developed against them. These bactericidal effects include the rupturing of the cell wall, the
denaturing of critical cellular proteins including ribosomes, and the excessive build-up of reactive oxygen species (i.e.
hydrogen peroxide, superoxide anion, hydroxyl radical, etc.). All of these antibacterial mechanisms combined with
the limited resistance developed against them make silver nanoparticles a very prominent solution to the current prob-
lem.

Throughout scientific literature related to silver nanoparticles, a common point of interest has been the novel
method of producing nanoparticles via green synthesis which involves using natural elements and microorganisms to
produce silver nanoparticles. This has several advantages over physical or chemical means of production in that it is
much more cost-effective, eco-friendly as it does not require hazardous stabilizing agents, and can easily be scaled up
for industrial level applications. The most recent works suggest the unique role bacteria can play in producing silver
nanoparticles because of their intrinsic ability to reduce nitrate. By exposing bacterial species to silver nitrate solutions,
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researchers have been able to successfully create silver nanoparticles as the bacteria reduce nitrate with their enzymes
via extracellular synthesis. Specifically, most bacterial species reduce nitrate with the help of NADH-dependent en-
zymes including nitrate reductase. However, current research has failed to observe any potential differences in the
antibacterial properties of silver nanoparticles produced by different bacterial species via extracellular synthesis. It is
this area in which this work is focused in the hope that with the results three key contributions to scientific knowledge
in the area could be made: 1) the identification of the bacterial species which could provide more potent silver nano-
particles, 2) the identification of characteristics to cross-reference for more effective bacterial species in the production
process, and 3) the increased efficiency of the synthesis process to provide for easier industrial operations.

Experimental Procedures

Preparation of Silver Nanoparticles

Preparation began upon delivery of the samples of E. coli and B. subtilis monocultures to the laboratory. In two sepa-
rate conical flasks 100 mL of nutrient broth were created with approximately 8 grams of dry mix per liter of distilled
water with one flask labeled as “E. coli Synthesized” and the other as “B. subtilis Synthesized”. The nutrient broth
mixtures were placed in an autoclave for sterilization. The inoculation process involved using a Bunsen burner to
create a flame to sterilize the inoculation loops with in between the inoculation of the nutrient broth mixtures with
their respective bacterial monocultures. After the inoculation process, the flasks were placed in an incubator at 37
degrees Celsius for 36 hours for appropriate bacterial growth (Figure 1). After incubation, the samples of nutrient
broth were centrifuged at 5,000 RPM for ten minutes to isolate the supernatant. 50 mL of the supernatant from each
flask were then collected into two respective 250 mL Erlenmeyer flasks in addition to 50 mL of 1 mM silver-nitrate
solution. This solution of supernatant and the silver nitrate for was incubated for five days at 40 degrees Celsius. After
five days, the silver nanoparticles were formed and a noticeable color change within the Erlenmeyer flasks indicated
this.

Figure 1. Images of silver nanoparticles during incubation process with color change indicative of formed silver
nanoparticles.

Agar Well Diffusion Assay

Agar plates were prepared for the assay by heating approximately 300 mL of distilled water to the boiling point using
a hot plate. In a 500 mL Erlenmeyer flask, 24 grams of nutrient agar per liter of heated distilled water were poured in.
In small increments, the heated water from the Erlenmeyer flask was added to the nutrient agar with vigorous shaking
after each increment. Afterwards, the mixture was placed in the autoclave to be properly sterilized. At this point, the
liquid agar was poured into the labeled Petri dishes for the agar to set at room temperature. Once the agar was set, the
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same inoculation process as outlined above was used to introduce the bacterial monoculture of P. fluorescens on to
the growth medium. The Petri dishes were placed in an incubator at 28 degrees Celsius for optimal bacterial growth
for three days. After three days, 4 wells were created per Petri dish using a cork borer. In each well, 10 microliters of
prepared silver nanoparticles were added using a micropipette. The control Petri Dish was left without any nanoparti-
cles. After another 3 days, the zone of inhibition created by the diffusion of the silver nanoparticles into the agar was
recorded.

Statistical Analysis

Statistical analysis of the data began with the calculation of the standard deviation and variance to get a better under-
standing of the spread of the data. The second set of analysis done was a one-tailed Student’s t-test which tested the
data to establish statistical significance and ensure the data was a result of only internal factors. The t-test had a critical
value of p = 0.05 to establish statistical significance and was conducted through Microsoft Excel.

Disposal
A 10% bleach solution was poured into all liquid and solid growth medium with any microorganisms/bacterial content

or growth for biohazard sterilization. Any remaining glassware or material were washed thoroughly with soap, water,
and bleach before drying.

Results

Agar Well Diffusion Assay Results

The results of the agar well diffusion assay as measured by the zone of inhibition created by the silver nanoparticles
were tabulated by averaging the results of each Petri dish. Each Petri Dish had four trials conducted on it (Table 1 &
Figure 2). Only two datapoints, one from Dish 1 of the B. subtilis trials and another from 3 of the E. coli trials had to
be removed due to accidental spillage of the silver nanoparticles solution on that portion of the Petri Dish.

Table 1. Results from agar well diffusion assay displayed as measure of average zone of inhibition in cm.

Average Zone of Inhibition for Silver Nanoparticles in cm
Dish 1 Dish 2 Dish 3 Dish 4 Average
Control 0 0 0 0 0
B. subtilis 0.52 0.64 0.70 0.49 0.59
E. coli 0.27 0.16 0.60 0.21 0.31
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Figure 2. Results from agar well diffusion assay displayed graphically as measure of average zone of inhibition
in cm.

Statistics
Two layers of statistical analysis were done. The first one involved the analysis of the standard scores, the fractional
number of standard deviations from the mean for each data point. Once again, the data from each of the four trials in

every Petri Dish were averaged prior to computation of the standard scores (Table 2).

Table 2. Standard Score Results for Each of the Petri Dishes

Standard Scores (Fractional Number of Standard Deviations from Mean)
Dish 1 Dish 2 Dish 3 Dish 4 Average
Control 0 0 0 0 0
B. subtilis -0.32 0.24 0.53 -0.46 0
E. coli 0 0 0 0 0

The second layer of statistical analysis involved the calculation of the standard deviation, variance, and a Student’s t-
test. The standard deviation was calculated to be 0.308 and the variance 0.095, both of which suggest that the data
was concentrated and not many outlier data points affected the results. Additionally, a Student’s t-test was performed
to ensure the statistical significance of the results and the resulting value of 0.005 ensured that the trends seen in the
data were because of internal factors rather than external ones. Overall, the statistical analyses conducted ensured that
the results of the experiment were accurate and statistically significant.

Discussion

The results of the experiment clearly suggested that the silver nanoparticles created by B. subtilis were more effective
than the ones produced by E. coli. This is proven by the fact that when comparing the average zones of inhibition for
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the different bacteria after 20 trials, it was found that the B. subtilis nanoparticles had on average a zone of inhibition
that was 0.28 cm larger (Figure 2 & Table 1). These results supported the idea that B. subtilis would be the preferred
bacterial species for the production of silver nanoparticles in aerobic conditions because of how the assimilatory nitrate
reduction process it uses was more effective in aerobic conditions and the nanoparticles were more effective. This is
critical to research in the field which should increasingly focus on bacteria which utilize assimilatory nitrate reduction
as they will be more effective in an aerobic industrial production facility. Standard deviation was calculated to be
0.308 and the variance 0.095, both of which suggest that the data was concentrated and not many outlier data points
affected the results. Additionally, a one-tailed Student’s t-test found a resulting value of 0.005 which ensured that the
trends seen in the data were because of internal factors rather than external ones. Overall, the statistical analyses
conducted ensured that the results of the experiment were accurate and statistically significant.

The applications of this research and silver nanoparticles in general are innumerable. Currently silver nano-
particles offer the most effective method of treating antibiotic resistant bacterial growth. In particular, the effectiveness
of silver nanoparticles in penetrating biofilm growth due to their miniscule nature is a core reason for their efficacy.
The idea of treating antibiotic infections with silver nanoparticles has already taken shape in clinical trials with Cystic
Fibrosis patients with antibiotic resistant infections where researchers are using a mist much like the flu mist to reach
the airways of patients. However, the applications of silver nanoparticles also include the treatment of burn wounds
which have some of the highest rates of infection. By applying silver nanoparticle gels in conjunction with other
medicinal treatments, silver nanoparticles could prove pivotal in treating these wounds to prevent more serious infec-
tions from developing. Additionally, silver nanoparticles in conjunction with cellulose nanofibrous membranes can
be used to filter water in areas where safe drinking water is not available for all due to a lack of infrastructure. The
antibacterial properties of the silver nanoparticles in conjunction with the charge they have would allow them to not
only attract particles, but also to kill any potentially dangerous microorganisms in the water.

Conclusion

To conclude, it is crucial to examine future areas of research. There are three potential future areas of research. The
first primary area of research will focus on the potential of bacteria to develop resistance to silver nanoparticles.
Currently, several studies reported by Salas Orozco, et al. have found no development of resistance to silver nanopar-
ticles among a wide-ranging group of multi-drug resistant pathogens. However, isolated studies including Panacek,
Kvitek, and Smekalova et al. have found repeated exposure of bacteria to silver nanoparticles can lead to the devel-
opment of resistance in bacteria via the production of proteins that trigger the aggregation of the nanoparticles which
limits their antibacterial activity. The second area of research will focus on the cytotoxic effects of silver nanoparticles
and identifying a safe dosage for medical applications. Numerous studies have already been conducted concerning the
cytotoxicity of silver nanoparticles on human cells including the one conducted by Liu, Fang et al. that highlights the
toxicity and harmful effects of the nanoparticles on mitochondrial activity in neural stem cells. As the number of
studies highlighting these potential effects increase, medical practitioners must determine a safe dosage and methods
to limit the cytotoxic effects in order to bring silver nanoparticles into mainstream medicine. The final primary area
of research to be conducted will center around improving the activity/effectiveness of green synthesized silver nano-
particles and comparing it to the activity of other antibacterial mechanisms including antibiotics. This could involve
potential works into the synergistic antibacterial effects of antibiotics and nanoparticles.

Limitations

There were some limitations to the study that the author believed were important to highlight. First, due to safety
restrictions, the study could only involve the bacterial species of P. fluorescens, which is a member of the same genus
as P. aeruginosa. While the substitute bacteria (P. fluorescens) may have very similar properties to P. aeruginosa, it
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is not exactly the same which means that further work must be conducted specifically on P. aeruginosa to validate the
results and extend conclusions towards multi-drug resistant bacteria. Next, the durations during which the bacteria
were allowed to grow were altered by 1-2 hours due to the constrictions placed on the researcher by the school sched-
uling. This should not have had any major impact on results. The final limitation on the research was how not all of
the bacterial solution requiring centrifugation could be centrifuged at once due to the limitations of the equipment in
the lab. Instead, the solution had to centrifuged in batches. Once again, this should not have impacted the results of
the study significantly.
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